Abstract: Electrification of the transport sector has been pointed out as a key factor for tackling some of today's main challenges, such as global warming, air pollution, and eco-system degradation. While numerous studies have investigated the potential of electrifying passenger transport, less focus has been on how road freight transport could be powered in a sustainable future. This study looks at Electric Road Systems (ERS) in comparison to the current diesel system. The Framework for Strategic Sustainable Development was used to assess whether ERS could be a stepping stone on the way towards sustainability. Strategic life-cycle assessment was applied, scanning each life-cycle phase for violations against basic sustainability principles. Resulting sustainability "hot spots" were quantified with traditional life-cycle assessment. The results show that, if powered by renewable energy, ERS have a potential to decrease the environmental impact of freight transport considerably. Environmental payback times of less than five years are achievable if freight traffic volumes are sufficiently high. However, some severe violations against sustainability principles were identified. Still, ERS could prove to be a valuable part of the solution, as they drastically decrease the need for large batteries with high cost and sustainability impact, thereby catalyzing electrification and the transition towards sustainable freight transport.
Introduction
Transportation is a necessity and facilitator for people to meet their needs in today's society. At the same time, side effects of the current, fossil-based transport system, such as emissions of carbon dioxide, particulate matters, nitrogen and sulfur oxides, undermine human health as well as eco-system quality [1] . In the EU, the transportation sector accounts for one third of the total energy use and one fifth of all greenhouse gas (GHG) emissions [2] . At the same time, living up to the Paris Agreement requires drastic emission reductions and Europe wants to be the leading region in the transition towards a sustainable society. Electrification of vehicles has been pointed out as a key factor for success, due to zero exhaust emissions in the use phase [3] . However, there are still sustainability constraints in other life-cycle phases [4] . So far, most attention has focused on electric vehicles (EVs) for passenger transport. Still, trucks account for 25% of GHG-emissions of EU's transport sector [5] and the number of heavy trucks, especially, is increasing more and more [6] . Battery electric vehicles are often regarded as the main solution and several fully electric, battery-powered trucks have been presented to the public, for example the Tesla Semi and the Nikola One. Enabling a heavy truck to drive 800 km on one charge, however, requires large batteries. Batteries have a substantial sustainability impact during their life-cycle, at least with current designs [7, 8] . Also, the substitution of today's global truck fleet with battery-powered freight transport is limited by resource constraints, especially considering metals like cobalt and lithium [9, 10] . In addition, the batteries account for a major part of the vehicle cost, which is one of the largest barriers for the introduction of EVs [11] .
Electric Road Systems (ERS)-defined as roads that support dynamic power transfer from the road to vehicles while the vehicles are in motion-could be a supplement to overcoming some of the challenges of battery EVs [12] . Still, it is important to reflect on the original aim of pursuing EV technology, namely making the transition towards a sustainable transport system, and to investigate if and how ERS can contribute to reaching this aim [13] . Previous studies have so far investigated technical aspects of ERS or conducted environmental comparisons based on specific life-cycle stages, focusing on the potential for GHG emission reductions [14] . However, when focusing only on a concept's potential to simply decrease the sustainability impact of a system, a strategic perspective is missing. Hence, the new concept might be better than the existing solution, but may still be incapable of reaching all the way to sustainability and, thereby, prove to be a costly dead end. The purpose of this study is, therefore, to broaden the perspective to investigate the complete life-cycle of ERS infrastructure from a full socio-ecological, strategic sustainability perspective. More specifically, this study aims at providing insights to the following research questions:
1.
What is the sustainability impact of overhead line ERS in comparison to the current fossil-powered system? 2.
What is the relative importance of different life-cycle phases? 3.
Could the introduction of ERS be a strategic stepping stone on the way towards sustainable transport?
By answering these questions, the contribution of this study is (i) the analysis of the complete life-cycle from raw material extraction to end-of-life; (ii) including both the ecological and social dimensions; and (iii) applying a long-term strategic planning perspective by using backcasting from basic principles for sustainability, which is further explained in Section 2.2.
Background

Electric Road Systems
ERS have emerged as one of few realistic solutions to make freight transport more energy efficient and sustainable [15] . According to the same study, there are two use case scenarios for ERS: they can either be used in closed systems, for example for bus routes or on mining sites, or in open systems (i.e., highways for the general traffic). By electrifying main roads, convenient long-distance transport would be possible, at the same time as allowing the battery size to be relatively small, delivering approximately 150 km of range depending on how much of the road network that is electrified [11] . Mainly three technical concepts exist, which have been described in more detail in previous studies [11, 16] :
Conductive power supply through overhead lines, similar to trains; ii Conductive power supply through an electric rail in the road, similar to some subways; and iii Inductive power supply without any physical contact through electric coils in the road.
For all concepts, research is ongoing and test tracks exist at various places around the world, but they are still far from constituting large-scale commercial systems and have technology readiness levels between three and seven [16] . The concepts differ significantly from each other in many aspects including function, cost and environmental impact. Concept (i) can only be used by high vehicles, for example trucks and buses, while concepts (ii) and (iii) also could be used by passenger battery EVs. However, passenger cars usually travel much shorter distances per day and, therefore, have a much lower need for charging other than home charging. All three concepts require that trucks have an additional source for propulsion, for example, an internal combustion engine, fuel cell, or a small battery. This is necessary as it is only meaningful to electrify the parts of the road network that have high traffic flows. In addition, sections like bridges or interceptions might not be possible to electrify. Therefore, a hybrid solution is needed for driving on the non-electrified sections. As usually only one lane has access to the ERS, another power supply is also needed for overtaking on the non-electrified lane. In addition, not being completely dependent on electricity supply from the ERS increases the system's resilience to malfunction and power failure considerably.
So far, most scientific literature has focused on inductive power transfer (IPT), for example [13, [17] [18] [19] [20] [21] [22] , and test tracks are in operation in, among other places, South Korea and Italy [23] . Opinions regarding costs vary, but in Europe it is considered to be the most expensive of the three concepts [11, 24, 25] . Although IPT has several advantages, there is also some uncertainty regarding health effects of electromagnetic fields [26, 27] and as to whether the technology is robust enough for safe and reliable long-term operation in harsh climates, such as in northern Europe [24, 28] . Conductive power transfer with electric rails in the road is being tested by Volvo, Elways and other actors [29] . This solution is estimated to be less expensive, but it is not yet sufficiently tested in regard to safety and functionality, especially because the electric rail is located in the road surface, where it is exposed to weather influences and potential objects in the rail [30] . Conductive power supply from overhead lines is a more proven technology, due to its similarities to railway and trolleybus systems. Siemens and Scania are two main actors involved in the development of this concept and test tracks have been built and are in operation in Germany and Sweden. Some disadvantages are that passenger cars cannot use this ERS type, that masts and overhead lines have a visual impact, and that the overhead lines pose a risk for accidents.
This study focuses on conductive ERS with overhead lines, because (i) this technology is more mature [11, 12] ; (ii) information and data is available; and (iii) a large innovation procurement focusing on conductive solutions is currently taking place in Sweden with the aim to validate and test different ERS concepts [31].
Strategic Planning towards Sustainability
The transport system is highly complex and interconnected with other systems, such as, for example, the energy system. This makes it challenging to identify the actions and technologies that are strategic stepping stones on the way towards sustainability and, respectively, the ones that may later turn out to be costly dead ends. Therefore, there is a need for a framework that provides an understanding of the full scope of the sustainability challenge that includes a structure and inter-relational model to distinguish goals, tools, guidelines, and processes, and that offers an operational definition of sustainability that can be used as a basis for strategic thinking. Broman and Robèrt [32] have summarized two decades of research on the Framework for Strategic Sustainable Development (FSSD), which is designed to be such a framework that can be used to plan for sustainability in complex systems. The FSSD consists of five levels: system, success, strategy, action, and tools. Central to the FSSD is a backcasting approach: instead of asking what is likely to happen based on today's trends, backcasting starts out from the looked-for goal and then questions are asked as to what has to happen today and tomorrow in order to reach that goal, in this case a sustainable society. Apparently, a future vision of success plays a central role in this approach. A detailed vision of a sustainable future is, however, inflexible and difficult for many people to agree upon. On the other hand, a definition that is too general and vague is not useful as guidance for innovation. Therefore, the following basic sustainability principles (SPs) are used as a science-based definition of success [33] :
"In a sustainable society, nature is not subject to systematically increasing . . . These science-based, first-order principles essentially work as root causes for social and environmental issues. The social dimension of the SPs is currently under further development [34] . However, the above version of the principles was used as the new social SPs were not published and sufficiently tested at the time of the study. Rather than solving one current problem at a time and thereby risking running into costly dead ends as new unforeseen problems arise, the FSSD makes planning long term strategic by identifying and taking smart steps that lead towards compliance with the SPs [33] .
Methods
This study used a combination of Strategic Life-Cycle Assessment (SLCA) and traditional Life-Cycle Assessment (LCA) with the aim to add a strategic planning perspective and to focus the LCA on the most important sustainability issues in the life-cycle (see Figure 1) . 
Strategic Life-Cycle Assessment
Ny et al. [35] presented a method called Strategic Life-Cycle Assessment, which is used to identify a system's or product's violations against the SPs along the life-cycle. By doing so, "hot spots" of environmental and social impact are mapped in a qualitative way. These are further analyzed in a next step through quantitative LCA. That means that the results of the SLCA dictate the scope of the LCA, focusing it on the most important life-cycle stages and sustainability aspects. The SLCA in this study was conducted in multiple group sessions with several researchers and compared diesel-powered heavy trucks with corresponding trucks that are powered by ERS. In the beginning of the sessions, the team investigated the two systems and did a life-cycle mapping to get an overview of the most important processes, materials and energy flows. A template, cross referencing the life-cycle stages with the SPs was then used to systematically map SP violations throughout the life-cycles. Violations against SPs in each life-cycle are displayed in table format, in line with previous studies, combining text and a color scheme, ranging from 'neutral' over 'slightly negative' to 'negative', to indicate the magnitude of the violations [1, 4] . In addition, one table describes how the systems would need to look like in order to fit into a sustainable future, or in other words, to comply with the SPs. A comparison between the "as is" and "to be" tables can give insight into whether it is realistically possible to achieve sustainability with these solutions. The most severe violations, that is, hot spots, were verified and partially quantified through LCA.
Life-Cycle Assessment
The LCA in this study followed the process of the ISO standard 14040 [36] but its scope was guided by the results of the SLCA as described above. The purpose was not to do a detailed and complete inventory and assessment of the systems. LCA was only used to quantify the most important environmental impacts of overhead line ERS powered trucks as compared to diesel trucks to be able to make a strategic assessment in line with the research questions.
The LCA software tool SimaPro 8.2 with the Ecoinvent 3.2 database [37] was used to model and compare the life-cycles. Model and results were verified by an independent LCA consultancy (Miljögiraff KB). The process started with a life-cycle inventory (LCI), in which inflows (e.g., raw materials and energy) and outflows (e.g., emissions) were mapped for all activities in the included life-cycle phases. Also, assumptions for the model were derived based on existing literature, statistics, etc., which is further explained in Section 4.2. The life-cycle impacts of ERS-and diesel-powered truck transport were compared per transported ton kilometer (tkm). The latter thereby represents the functional unit of the study. Next, a life-cycle impact assessment (LCIA) was performed, following the steps of the ISO 14040 standard, to analyze the impact of the components and activities and their related in-and outflows. This phase started with the selection of impact categories. For this study, ReCiPe (H) midpoint and endpoint [38] were used as impact assessment methods, because they link all basic principles for socio-ecological sustainability with LCA, as described by Borén and Ny [4] . According to their work, systematic increase of substances in nature as described by SP1-2 can be linked to effect indicators in the following way: (i) combustion of fossil fuels leads to increasing concentration of CO 2 in the atmosphere, which links to 'Climate Change' and 'Fossil Depletion'; (ii) usage of metals like copper, lead, nickel et cetera contribute to 'Metal Depletion' as long as they are not kept in closed loop systems; (iii) emissions of nitrogen oxides (NOx) from combustion of air and fuels link to 'Acidification', 'Eutrophication', 'Particulate Matter' and 'Photochemical oxidants'; and (iv) toxic and persistent chemicals such as dioxins and persistent organic pollutants contribute to 'Ecotoxicity' and 'Human Toxicity' categories. Systematic degradation of nature by physical means, SP3, for example, by open pit mining and landfills, links to the 'Land Use' categories. SP4, which defines social sustainability, is violated through negative health impacts from, for example, air pollution or radiation and is therefore linked to the categories 'Human Toxicity' and 'Ionizing Radiation'. Furthermore, the dissipate use of scarce resources, including fossil fuels and metals like copper, are a SP4 issue. Based on the ReCiPe method, LCI results were classified, meaning that all flows were assigned to one or multiple impact categories. In the following step, characterization, category indicator results were calculated with the help of characterization factors. To assess the magnitude of impacts and the relative importance of different impact categories, results were normalized by relating them to the yearly impact of an average citizen. Weighting, which is an optional step according to the ISO 14040 standard, was not performed in this study, as it is purely subjective. After the LCIA, the results were interpreted in relation to the research questions.
Results
Strategic Life-Cycle Assessment of ERS and Diesel Truck Transport
The SLCA mapped violations against SPs for truck transport on ERS-and diesel-powered trucks. The results are presented in one section for each SP in table format and the main impacts are discussed in text. Finally, a vision and requirement of a sustainable system is described as a definition of success for the specific case.
Assessment against Sustainability Principle 1
The biosphere and the lithosphere have always been connected to each other: substances from the lithosphere have entered the biosphere through, for example, volcanic eruptions. At the same time, substances from the biosphere have become part of the lithosphere as in the case of fossil fuels. Besides these natural flows, humans have since 200 years or so ago started to influence these flows to a considerable degree. However, this influence has almost entirely been in the form of an increased flow from the lithosphere to the biosphere. Consequences of such an increase and imbalance can have very negative implications both for humans and other living organisms: substances such as lead and cadmium, that normally only occur in very low concentrations in nature, can become a major health and ecosystem threat when their concentration increases systematically in nature as a result of, for example, leakage from mining. Even the increase of carbon dioxide in the atmosphere and its effects on global warming and ocean acidity are an example of a violation of SP1, as coal from the lithosphere is added to the biosphere much faster than it is removed from it [33] .
When the case of ERS is assessed against SP1, Table 1 , a considerable use of raw materials is identified, especially copper and steel, for catenaries, electric facilities, road barriers, catenary masts, etc. The extraction of these materials, as well as the production, cause spreading of heavy metals and other substances, which leads to increasing concentrations in the biosphere. In the use phase, SP1 is violated because of diffuse copper emissions from catenary friction and emissions from energy production, depending on the electricity mix. For the diesel system, production and combustion of the fuel clearly violates SP1. Common for both systems are diffuse emissions from, for example, road, tire, and break wear. Table 1 . Sustainability Principle 1 (SP1) strategic life-cycle assessment comparing Electric Road Systems (ERS) and diesel-powered freight transport.
Life-Cycle Phase SP1 Effects of ERS-Powered Trucks SP1 Effects of Diesel-Powered Trucks Extraction
Heavy metals in components and processes.
Emissions from fossil fuel usage.
Emissions from fossil fuel usage. Oil leakages, gas flaring.
Production
Heavy metals in components and production. Emissions from fossil fuel usage.
Distribution
Emissions from truck transports of infrastructure systems, vehicles.
Emissions from truck transports of infrastructure systems, vehicles and fuel.
Use
Copper emissions from catenary wire friction. Heavy metals in maintenance.
Emissions from maintenance transport.
Combustion emissions. Heavy metals and fossil oil in maintenance. Emissions from maintenance transport.
Waste
Incomplete recycling of heavy metals and other materials related to SP1. Some cables and other components may be left in the ground and leak heavy metals. Emissions and leakages from recycling processes and landfills.
Incomplete recycling of heavy metals and other materials related to SP1. Emissions and leakages from recycling processes and landfills.
Red: negative sustainability impact; yellow: slightly negative sustainability impact.
Assessment against Sustainability Principle 2
Emissions of persistent chemicals or NO X are examples of SP2 violations. When ERS is assessed against SP2, Table 2 , it is found that the infrastructure includes many electric facilities and cables, which can contain plastic insulation with persistent additives. These chemicals can leak and accumulate in nature, for example when cables are left in the ground even after the ERS' end-of-life. Another main SP2 violation occurs when burning fossil fuels, both in vehicles and for electricity production (depending on the electricity mix), which causes NO X emissions, contributing to eutrophication and acidification. 
Waste
Incomplete recycling of compounds related to SP2. Emissions and leakages from recycling processes and landfills.
Assessment against Sustainability Principle 3
According to SP3, nature must not be degraded by physical means. In contrast to SP1-2, SP3 is not about systematically increasing concentrations but about destruction of nature through land use or mismanagement of ecosystems. Open pit mining and oil extraction are the most relevant violations of SP3 in the ERS case, Table 3 , because they occupy and degrade large surface areas through leakages of hazardous substances, risking destruction of soil and water resources. Such areas are often not usable, neither by humans, animals nor plants. SP3 is here also violated by building infrastructure for electricity and by fuel production and distribution, because they hinder the use of productive surfaces and might contribute to deforestation and fragmentation. Finally, as some components are not recycled, they contribute to increasing landfill space. Red: negative sustainability impact; yellow: slightly negative sustainability impact; blue: neutral.
Assessment against Sustainability Principle 4
While the first three principles focus on ecological sustainability, SP4 is about meeting human needs, which also is a requirement for a sustainable future. The assessment against SP4, Table 4 , emphasizes the mining and fossil fuel industries that are plagued by conflicts, whose effects prevent people from meeting their needs, for example because they get wounded or are forced to flee their homes. These industries also cause ecosystem degradation by physical and chemical means, which undermines not only people's health but also their possibilities to make a living with agriculture, fishing or livestock farming. The same is true for the production phase and metal recovery in some countries that expose people and nature to hazardous emissions [39] . Another violation of SP4 may occur when scarce resources are extracted and used in a way that limits their availability for future generations. This is the case for fossil fuels and metals like copper [40, 41] and platinum [42] . Table 4 . SP4 strategic life-cycle assessment comparing ERS-and diesel-powered freight transport.
Life-Cycle Phase SP4 effects of ERS-Powered Trucks SP4 Effects of Diesel-Powered Trucks Extraction
Use of scarce resources such as copper. Open pit mining causes negative health effects and forces people to move.
Use of scarce resources such as platinum. Open pit mining causes negative health effects and forces people to move.
Production
Negative health effects from emissions related to fossil fuel use and component production. Harmful job conditions at some places.
Distribution
Health effects from transport emissions. Health effects from transport emissions.
Use
Health risks due to high voltage and overhead line accidents.
Negative health effects from emissions related to fossil fuel use.
Waste
Harmful emissions and working conditions in some countries.
The introduction of ERS might also create positive effects like new jobs in all life-cycle phases. On the other hand, they might just replace jobs from other infrastructure systems, which leaves the net effect on job creation uncertain. However, an increased demand for renewable energy and a transition of the energy sector is expected to lead to a net increase of jobs in Europe [3, 43, 44] .
Requirements for Sustainable Freight Transport Systems
When investments in new infrastructure are planned with the goal to make transportation more sustainable, it is important to investigate what would be required for the systems to be fully sustainable. Otherwise there is a risk of sub-optimization and a risk that society once again gets locked into an unsustainable system for half a century or longer. Especially in the case of ERS, which have a long life-time, one has to consider the question of whether the concept will provide a stepping stone towards a sustainable society and compliance with the SPs. The results of the SLCA revealed that the most severe sustainability challenges for ERS are (i) the extensive use of raw materials, including scarce metals like copper; (ii) diffuse emissions in the use phase, especially copper from catenary friction; (iii) environmental impact of the electricity used in the system; and (iv) use of fossil fuels for processes and activities throughout the life-cycle. Table 5 shows the most important aspects of how the life-cycle would need to look like in order to not violate any SP. Of central importance for reaching compliance with the SPs are the strict application of best available technology (BAT) and precautionary and substitution principles in all life-cycle phases. As Robèrt et al. [33] emphasize, SP1 does not forbid all use of metals. Rather, they should be handled in closed loops so that the concentration in nature does not increase and the available resources are not depleted. However, it would be more favorable to design a system that is completely independent of rare or toxic materials and substances. Fossil oil should be avoided completely. Good, safe and just working conditions have to be guaranteed in all life-cycle phases. When these requirements are met, a sustainable transport solution can be a valuable, long-term satisfier of human transportation needs. Table 5 . Life-cycle requirements on ERS, viewed through the lens of the four sustainability principles.
Life-Cycle Phase
Requirements for Sustainable ERS
Extraction
Very limited extraction of new resources. Extraction with best available technology (BAT). Complete restauration of the site after operation. Respecting indigenous people's rights.
Production
Strict application of BAT, precautionary and substitution principle. Rare substances with high accumulation potential are kept in closed loops.
Distribution
Only using sustainable modes of transport powered by renewable energy.
Use
Ensuring a safe, comfortable and effective satisfaction of people's need for transportation *. Only renewable energy input and no emissions of critical substances from use and maintenance.
Waste
Optimized for following EU's waste hierarchy [45] : prevention, reuse, recycle, recovery; except there should be no need for landfilling. Circular material flow.
* A contribution to sustainable development. blue: neutral.
Life-Cycle Assessment of ERS and Current Fossil-Powered Truck Transport
As a result of the SLCA, the main hot spots identified were raw material extraction, production and use phases, which therefore were selected for quantification with LCA. Included processes and components are: (i) raw material extraction for roads, lorries, diesel, and road electrification; (ii) processes for turning the raw material into products; (iii) combustion of diesel, emissions from electricity generation, catenary friction, road, break, and tire wear emissions, and lorry maintenance. The other life-cycle phases were excluded from the LCA. The inventory analysis of the infrastructure utilized data from 1000 V railway systems, which use very similar components to overhead line ERS. This data was further adjusted with the help of a railway and ERS expert. For the components where there was no suitable data in Ecoinvent, simplified components were modelled (see Table 6 ). Market processes and system model "allocation, cut-off by classification" were used for all materials and processes [49] . Europe was chosen as the geographical reference point. The value chain can, however, include materials and processes from other parts of the world. Four scenarios for electricity generation were applied, all based on Ecoinvent data: European mix, Nordic mix, wind-generated electricity, and a worst-case scenario that assumed coal-generated marginal electricity. The type of electricity for vehicle propulsion in the use phase is the only difference between the scenarios, thereby showing the sensitivity of the model for this key factor. Truck traffic volume was initially set to 1000 vehicles per direction and day, which corresponds to a major Swedish highway [30] . Trucks had a gross vehicle weight of 16-32 ton, with an average load factor of 5.79 ton [50] . Diesel trucks met Euro 6 emission limits. Diesel consumption was 0.037 L/tkm, which corresponds to 0.21 L/km (Ecoinvent 3.2 database). Electricity consumption was set to 0.17 kWh/tkm, which corresponds to the same amount of energy consumption as the diesel truck when calculating with diesel engine efficiency of 42%, electric engine efficiency of 95%, and electricity losses in the ERS of five percent. Catenary friction was estimated as 10 kg of copper per km and year, which is the same amount as for railway systems [51] . Without full scale tests it is, however, yet uncertain whether this data is fully valid for ERS due to differences in traffic intensity, speed, and movement of the pantograph-shaped pick-up.
Comparing characterization results of ERS-and diesel-powered trucks, Figure 2 , revealed: (i) wind-powered ERS have lower environmental impact than the diesel system in 11 out of 18 impact categories; (ii) ERS powered by European electricity mix or marginal electricity have higher environmental impact in 12 and 13 out of 18 categories respectively, as compared to the current diesel system. That number is 10 for the Nordic electricity mix scenario; (iii) there are substantial differences in GHG emissions: ERS that use coal-based marginal electricity cause the highest emissions (229 g/tkm), followed by diesel (165 g/tkm), EU mix electricity (117 g/tkm), Nordic mix (41 g/tkm) and wind-generated electricity (31 g/tkm); and (iv) a closer look at ERS infrastructure reveals that most environmental impacts are tied to the three components of copper catenaries, catenary masts and road barriers. Other parts, such as converters or cables, play a minor role. Normalization of the results shows that freshwater eutrophication, human toxicity, eco-toxicity and natural land transformation are the most relevant impact categories for the investigated systems. ERS, no matter how electricity is generated, have higher impact in the toxicity categories, which is largely due to the extensive use of copper and emissions from catenary friction. The fossil-powered system has a much higher impact on natural land transformation, mainly due to petroleum production.
A closer look at the role of different life-cycle phases for the climate change category, Figure 3 , reveals that most emissions occur in the use phase if trucks are powered by diesel, marginal electricity or EU mix electricity. If electricity is produced in a less carbon intensive way, as is the case with Nordic mix and wind-power, extraction to distribution (E-D) phases constitute the main source of CO 2 equivalent (CO 2 e) emissions. It is, however, not the ERS infrastructure that causes high emissions in E-D phases. Instead, road and lorry production cause about 20 g CO 2 e emissions per tkm, which can be compared with 1.5 g/tkm for electrification of the road with ERS.
The amount of tkm transported on ERS is a central parameter: the more goods that are transported on an ERS, the less is the share of building the infrastructure, E-D phases, for each tkm. The number of tkm is in turn dependent on the number of trucks and their average load factor. In order to evaluate if electrification of a specific road is favorable from a sustainability perspective, it is necessary to adjust the assumptions of the LCA model. Figure 4 clarifies the dependence of life-cycle environmental impact and the number of tkm transported on ERS. It shows the environmental break-even times for the different scenarios, that is, the time until the environmental impact of the road electrification is compensated by lower impact in the use phase. ReCiPe endpoint was used to get one accumulated, comparable number for environmental impacts. The marginal electricity scenario is not displayed because it has higher life-cycle environmental impact per tkm than the diesel system, hence there is no break-even. Generally, break-even times are short if Nordic mix or wind-power generated electricity are used: assuming 1000 trucks per day, break-even is only three to four years and with 500 trucks per day that time is below 10 years. The situation is different, though, if EU mix electricity is assumed: a minimum of about 700 trucks per day is required to achieve a break-even time of 10 years, and with 1000 heavy vehicles per day, that time is seven to eight years. A break-even time shorter than five years is only possible on roads with high traffic flow of more than 1400 trucks per direction and day. From a purely GHG emission perspective, break-even times are considerably (about 70%) shorter when assuming the same amount of freight transport per day. Climate change is, however, only one of many impacts that have to be considered. 
Concluding Discussion
What Is the Sustainability Impact of ERS in Comparison to the Current Fossil-Powered System?
The SLCA showed that both ERS and diesel freight transport have some severe sustainability impacts and violations against the SPs, especially in raw material extraction, production and use phases. For ERS, these are mostly due to usage of large amounts of copper and other raw materials, as well as impacts from electricity production and diffuse emissions in the use phase. For diesel transport, the value chain of oil and fuel combustion are main causes of the violations. Possibilities to reduce these SP violations were identified and are mostly about the application of 'best available technology', 'substitution' and 'precautionary' principles throughout the life-cycle as well as closing the loop of material flows and using sustainably harvested, renewable energy.
The more detailed LCA showed that GHG emissions can be decreased significantly as long as electricity generation is not coal-based. GHG payback times are five years for roads with more than 400 lorries per day and below two years if there are at least 1000 lorries per day. However, based on normalization results, the most relevant environmental impact categories are eco-toxicity, human toxicity, eutrophication and, especially for the diesel system, natural land transformation. These findings underline the importance of widening the view on sustainability beyond climate change and GHG emissions. In total, endpoint results show that transport on coal electricity powered ERS causes higher environmental impact than driving on diesel, while the impact is lower if EU mix, Nordic mix or wind-generated electricity is used. This emphasizes the fact that the sustainability performance of ERS is highly dependent on how electricity for the use phase is produced. Therefore, a transition of the transport sector to be powered by electricity has to be simultaneously accompanied by a transition of the energy system to 100% flow-based, renewable energy. As intrinsic to LCA, results are dependent on model assumptions, especially concerning the share of electrified roads, traffic volume and load factor, which is related to average lorry weight. Therefore, these parameters have to be adjusted in order to evaluate the environmental impact for specific cases.
What Is the Relative Importance of Different Life-Cycle Phases?
Through SLCA, the raw material extraction, production and use phases were identified as hot spots of sustainability impact. In general, most environmental impacts occur in the use phase, both for diesel and ERS systems, even if wind-generated electricity is used. This dominance of the use phase is a common result of LCAs for transport systems and many other products [1, 4, 47] . However, if the electricity for ERS is produced in a sustainable way, the impact of the infrastructure itself becomes more prominent, which was also apparent in Figure 3 . The SLCA showed that ERS infrastructure still has major sustainability challenges, especially due to copper and steel use for catenaries, masts and road barriers. As these components constitute relatively pure fractions, there might be good possibilities for a high degree of material recycling. In this regard, diffuse emissions in the use phase, like copper from catenary friction, are more difficult to prevent and control. It is therefore important to include infrastructure in LCAs of transport systems. Sustainability challenges of the current diesel system are mainly characterized by the petroleum value chain, which includes extensive land use, and diesel combustion with a variety of emissions.
Is the Introduction of ERS a Strategic
Stepping Stone on the Way towards Sustainable Transport and What Role Could They Play in That Transition?
Lock-In and Threshold Effects
The life-cycle inventory revealed that many ERS components have a long life-time. Even though that has some sustainability advantages, it also means that ERS as a transport solution has a long life-time. That fact in combination with high initial investment costs means that there might be a strong lock-in effect: once built and invested in, ERS would have to be used for a long time, presumably many decades, in order to be environmentally and economically viable, depending on how the infrastructure is financed. Thus, ERS is not a flexible solution as compared to some other infrastructure solutions, such as fast charging networks that relatively easily and quickly can be expanded, decreased or even phased out. On the other hand, this study indicated that environmental pay-off times are relatively short, if electricity is produced in a sustainable way and the freight transport volume is sufficiently high. A challenge that ERS share with several other systems, for example fast charging, battery swapping, and fuel cell stations, is the threshold effect: as long as there is no substantial network of infrastructure, it is not attractive for haulage contractors to invest in more expensive vehicles that are adjusted for using ERS. Today, it is largely unclear how strong such a threshold effect is for ERS. It depends largely on the share of electrified roads, business models, and to what degree a specific lorry travels on a fixed or flexible and constantly changing route.
Stepping Stones towards Sustainability
As a comparison of the future requirements for a sustainable infrastructure (Table 5 ) and the assessment of today's state (Tables 1-4) showed, there is a considerable discrepancy between 'as is' and 'to be'. That in itself is not a reason to dissuade from investments in ERS, as all alternatives, for example fuel cell or battery-powered systems, today have some violations against the SPs [4] . In addition, some violations might be possible to solve through smart design and technology development. However, the most important question to ask is which infrastructure system is the smartest "stepping stone" [32] on the way to a sustainable future. This means that it is not only important to find today's most sustainable solution, but also to find the technology platform with the largest potential to lead us on the right track and closer to reach full socio-ecological sustainability over time. From this perspective, ERS could prove to be a valuable part of the puzzle, mostly because they drastically decrease the need for large batteries, which results in lower vehicle cost and sustainability impact. Thereby, ERS could catalyze electrification and the transition towards sustainable freight transport. ERS are, however, at an early stage of development [16] . In the short term, the application of ERS for closed systems, for example transport of ore between a mine and a production facility or a harbor, is important for testing and further development of the concept. Closed systems have much lower complexity as fewer stakeholders are involved, the need for standardization is limited, and both economic cost-benefit and wider sustainability assessments are considerably simpler [15] . The application in closed systems would, however, only solve a small fraction of the freight transports' sustainability challenges and the total GHG reduction potential is rather low. Still, it is a valuable way to gather experience and knowledge on ERS before heavily investing in road electrification to overcome the threshold effect for ordinary freight transport.
Recommendations and Future Research
Based on the findings of this study, the following recommendations are made to accelerate the transition of road freight transport towards sustainability. Firstly, the ERS concept should be further explored and developed, specifically regarding business models for open systems and the dynamics between the amount of electrified road and the rationale for actors to invest in ERS-compatible vehicles. Secondly, test applications and demonstrators play a key role in the early phases of technology development but are in many cases dependent on public funding. Incentives for public funding could be strengthened by detailing the societal benefits of ERS, including savings in relation to the externalities of the current system. Thirdly, political will and a clear strategy are required to reduce uncertainty for private companies, making it more attractive to invest in ERS. Finally, and most importantly, strategic leadership is needed to guide the development of freight transport towards sustainability, without sub-optimizations in the transport sector and solutions in the transport sector that block sustainable solutions in other sectors. For this purpose, Robèrt et al. [52] and Borén et al. [53] presented an FSSD-based process model for cross-sector and cross-disciplinary cooperation, ensuring cohesive creativity across sectors and groups of experts as well as stakeholders. In the end, ERS also need to be compared with alternative technologies like battery electric trucks and fuel cell trucks. It is likely that a combination of technologies will exist in the future to fit different needs and contexts, even if some technology might dominate. Exactly which role ERS will play is yet to be seen and also dependent on progress with other technologies. For instance, the possibilities for a sustainable scale-up of battery electric trucks is largely dependent on breakthroughs in battery design. For fuel cell solutions, increased system efficiency and a substitution or limited use of platinum would be necessary. In any case, with the applying of a strategic perspective based on backcasting from a vision of full sustainability, policy and decision-makers can ensure that actions lead step-wise towards a sustainable society.
